Abstract "Tumor-associated macrophages" (TAMs) form a significant cell population in malignant tumors and contribute to tumor growth, metastasis, and neovascularization. Gliomas are characterized by extensive neo-angiogenesis, and knowledge of the role of TAMs in neovascularization is important for future anti-angiogenic therapies. The phenotypes and functions of TAMs are heterogeneous and more complex than a classification into M1 and M2 inflammation response types would suggest. In this review, we provide an update on the current knowledge of the ontogeny of TAMs, focusing on diffuse gliomas. The role of TAMs in the regulation of the different processes in tumor angiogenesis is highlighted and the most recently discovered mechanisms by which TAMs mediate resistance against current antivascular therapies are mentioned. Novel compounds tested in clinical trials are discussed and brought in relation to different TAM-related angiogenesis pathways. In addition, potential therapeutic targets used to intervene in TAM-regulated tumor angiogenesis are summarized.
Neuro-Oncology
19(11), 1435-1446, 2017 | doi:10.1093/neuonc/nox081 | Advance Access date 27 May 2017
The Origin and Action of TumorAssociated Macrophages
Initiation of malignant tumors is associated with a sustained state of chronic inflammation. 1 In the initial stage of tumorigenesis, the first activated immune cells are usually the tissue-resident macrophages. In glioma, these cells are mainly represented by microglial cells. 2 Activated microglial cells generate high levels of O 2 radicals that induce genomic mutations and enhance interleukin (IL)-6 and tumor necrosis factor α production supporting tumor cell survival. 3 Recruitment of peripheral monocytes enhances this initial response. Various tumor cell-derived factors work together with hypoxia and trigger monocyte recruitment. 4 For example, glioma stem cells produce periostin, an extracellular matrix component that provides interactive binding sites to αVβ3 integrins on the cell surface of peripheral monocytes and M2-like TAMs to promote extravasation and migration in the glioma environment (Fig. 1A) . Hypoxia can also trigger activation of vascular endothelial growth factor receptor 1 (VEGFR1) and neuropilin-1 (NRP1) in monocytes, leading to chemotaxis in, for instance, glioma and breast cancer. 5 Likewise VEGFA and semaphorin 3A (Sema 3A) 6 released by the tumor cells, including glioma, 7 can activate NRP1, triggering the activation of VEGFR1 and subsequent recruitment of TAMs in glioma [8] [9] [10] (Fig. 1B) .
IL-34 derived from tumor cells mediates attachment of monocytes to the endothelial layer of blood vessels via colony stimulating factor 1 receptor (CSF-1R) binding on the surface of peripheral monocytes. IL-33, released from perivascular pericytes via platelet derived growth factor (PDGF)-BB-PDGF receptor beta (PDGFRβ)-Sox7 signaling also serves as a chemoattractant to peripheral monocytes. Likewise, macrophage inhibitory factor (MIF) and intercellular adhesion molecule 1 (produced by neural glial antigen 2+ pericytes) provide guiding signals to monocytes during extravasation 11 (Fig. 1C) .
In addition to recruitment signals, the tumor environment can also provide different maturation signals to the recruited monocytes. As reported in, for instance, breast cancer and melanoma, hypoxia can enhance tumor microenvironment levels of sialic acid, leading to decreased cluster of differentiation (CD)45 dimerization, increase of CD45PTP (CD45 phosphatase), and inhibition of signal transducer and activator of transcription 3 (STAT3) signaling in recruited monocytes, providing the initial trigger for differentiation of the TAM phenotype 12 (Fig. 1D) . In mammary tumors, recruited vascular cell adhesion molecule 1+ monocytes have been reported to be stimulated to undergo maturation via Notch upregulation of the transcription factor RBPJ (recombination signal binding protein for immunoglobulin kappa J region) 13 (Fig. 1E) .
Phenotypes of TAMs: Beyond the M1/M2 Spectrum
The classification into M1/M2 profiles is a way to separate macrophage functions into pro-inflammatory (type 1 T helper cell [Th1]) and anti-inflammatory (Th2) responses of T lymphocytes. 14 M1 and M2 profiles represent the extremes of a continuum of phenotypical characteristics marked by sets of cytokines and surface markers. M1 macrophages regulate the acute inflammatory response and are induced by lipopolysaccharide and interferon-γ stimulation. M1 macrophages are characterized by expression of CD40, CD80, CD16/32, CD86, C-C chemokine receptor 7, and human leukocyte antigen D related (HLA-DR), 15 and are capable of phagocytosis and antigen presentation to T cells. M2 macrophages reduce acute inflammation and promote tissue repair. The M2 profile is induced by IL-4, IL-13, and macrophage colony stimulating factor (M-CSF). Studies on murine and human cancers, including glioblastomas, show that TAMs can express M1 and M2 markers, depending on tumor stage and area. [16] [17] [18] Glioma-associated macrophages may resemble naïve macrophages more than classic M1 or M2 macrophage subtypes, 19 illustrative of the complex nature of TAMs in glioma.
Analysis of TAMs in glioblastomas in our laboratory showed coexpression of the M1 surface markers HLA-DR and CD16 with M2 CD204 and CD163 (unpublished data), which is in line with previous findings demonstrating that the M2 marker CD204 colocalized with the M1 marker HLA-DR in perivascular macrophages in glioblastoma. 20 Similarly, in other malignant tumors like ovarian cancer, the M2 macrophage surface marker CD163 was coexpressed with classical Th1 cytokines as IL-6 and IL-8. 21 Cytokines from the M1 profile like IL-6, chemokine C-C ligand 5 (CCL5), and CCL2 are typically tumor supportive and are associated with poor prognosis. 22 The mixed phenotypes of TAMs encountered in tumors may well result from simultaneous stimulation by both pro-inflammatory and anti-inflammatory factors in the tumor microenvironment.
TAMs and Tumor Neovascularization
TAMs promote proliferation, invasion, and metastasis of cancer cells but also stimulate neo-angiogenesis. 1 Macrophages contribute to angiogenesis under a variety of conditions such as tissue regeneration/wound healing, 23 immune-mediated diseases like rheumatoid arthritis, 24 and neoplasia. 25 The number of macrophages present around blood vessels in healthy tissues is significantly increased in tumors such as glioblastoma, 26, 27 particularly during proliferative microvessels. [28] [29] [30] In glioblastoma, CD163+ TAMs are found in parenchymal and perivascular areas. 31 In addition, tunica interna endothelial cell kinase 2-positive (Tie-2+) TAMs are found at perivascular sites in various malignant cancers, including glioblastoma. 32 Perivascular TAMs in glioblastomas are positively correlated with microvascular density and higher expression of VEGFA, heme oxygenase 1, 33 and thymigen phosphorylase, 34 which is not detected in anaplastic oligodendroglioma or ependymoma. 35 The secretion of inflammatory cytokines by TAMs promotes neovascularization along various molecular pathways. For example, TAMs actively contribute to the process of vasculogenesis, or de novo synthesis of mature endothelial cells from (circulatory) endothelial progenitor cells. Macrophage release of IL-6 and subsequent activation of Janus kinase/signal transducers and activators of transcription (JAK-STAT) pathways in recruited endothelial progenitor cells promote the vasculogenic process in these cells 36 (Fig. 2A) . Similarly, various in vitro and in vivo experiments have indicated that monocytes themselves are capable of undergoing "vasculogenesis" and transform into cordlike structures that express endothelial markers like von Willebrand factor, CD31, vascular endothelial (VE)-cadherin, and CD105, following exposure to pro-angiogenic factors such as VEGFA and insulin-like growth factor 1. 37, 38 In multiple myeloma, TAMs that express multiple endothelial markers cooperate with endothelial cells in the formation of the endothelial lining of tumor blood vessels. 39 The expression of endothelial lineage markers like VE-cadherin, VEGFR2, factor VIIIrelated antigen, and von Willebrand factor and the formation of capillary-like structures in vitro can also be induced in macrophages/monocytes in response to VEGFA, basic fibroblast growth factor, 40 or pleiotrophin 41 stimulation (Fig. 2B) . In glioma, TAMs have been indicated to be able to enhance the vascular mimicry of glioma cells, a process mediated via cyclooxygenase 2 (COX2) and IL-6. 42, 43 Paracrine interaction between TAMs and mature endothelial cells also governs the sprouting process,
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which is the initial step in the formation of a new tubule structure from preexisting vasculature. 44 Rymo et al showed a VEGFA-independent involvement of microglial cells in the process of vessel sprouting and branching in vivo. 45 In relation to TAMs, IL-10 stimulation of TAMs/ macrophages promotes VEGFA release via STAT3 signaling, as reported for both tumoral and nontumoral conditions. 46, 47 Likewise, glioblastoma-derived C-reactive protein promotes IL-6 and IL-1β production by COX2+ TAMs. 48 IL-1β is known to promote the proliferation of endothelial cells and enhances endothelial expression of pro-angiogenic factors including IL-8, VEGFA, and hypoxia-inducible factor (HIF)-1α, 49, 50 which stimulate tip and stalk cell activity during the sprouting process (Fig. 2C ). Tip cells are endothelial cells at the tip of newly formed blood vessels that determine the direction of growth. Tip cells are trailed by stalk cells, which are endothelial cells that form the new blood vessel lining (creating an open lumen for blood flow). IL-6 is able to promote epithelial-mesenchymal transition of cancer cells, which is typically operative in high-grade gliomas. 51 Other paracrine factors that influence the sprouting process include TAM-derived WNT7b and M-CSF in breast cancer and glioma, which can activate the canonical WNT/β-catenin and insulin-like growth factor binding protein pathways, respectively, in endothelial cells, thereby increasing the expression of VEGFA and contributing to vascular sprouting 52, 53 (Fig. 2C ). In a model of retinal vascular development, direct contact stimulation via Notch 1 on macrophages with Jagged1+ tip cells mediated the elongation of vascular sprouts via this molecular mechanism 54 (Fig. 2D ). In addition, direct binding of pro-angiogenic NRP1 expressed by macrophages to VEGFR2 present on tip cells can contribute to vessel branching during the sprouting process. 55, 56 Furthermore, macrophages act as cellular chaperons for tip cells to form anastomoses, which are fused junctions composed of 2 neighboring vessel sprouts. In relation to this process, macrophages have been reported to secrete VEGFC, which upregulates delta-like protein 4 in endothelial cells through VEGFR3 signaling. This leads to activation of transcription factor FoxC2, which mediates conversion of tip cells into stalk cells, contributing to the anastomotic process 57 (Fig. 2E) 61 (Fig. 2F) .
Paracrine pathways of TAM stimulation of non-endothelial vascular cells have also been reported. Newly formed blood vessels require the coverage of perivascular cells 
called "mural cells" for vascular stabilization and vasomotion control. These mural cells include pericytes and vascular smooth muscle cells (VSMCs). PDGF-BB acts as one of the most potent chemoattractants of mural cells. Although PDGF-BB is produced by endothelial cells during angiogenesis, it is also secreted by TAMs. Perivascular TAMs aid in the recruitment of PDGFRβ+ mural cells, contributing to the coverage of newly formed blood vessels. 62 Similarly, YKL-40 release by TAMs activates MAPK-nuclear factor-kappaB (NFκB) in VSMCs, which leads to secretion of the pro-angiogenic factor IL-8 63 (Fig. 2F) . YKL-40 was also reported to promote the cell contacts between glioma stem cell-derived perivascular cells with endothelial cells, resulting in the stabilization of blood vessels in glioma. 64 Another TAM-derived factor involved in mural recruitment is semaphorin 4D (Sema 4D), which has been shown to promote pericyte recruitment of neovessels, as demonstrated in a murine breast cancer model. Sema 4D from TAMs stimulates Plexin B1-RhoA signaling, which increases the expression of PDGFB and angiopoietin-like protein 4 (AGPTL4) in the endothelial cells. 65 Increased expression of PDGFB promotes the recruitment of pericytes via PDGFRβ signaling, which in turn enhances perivascular coverage and neovessel stabilization (Fig. 2G) .
Finally, paracrine stimulation of vascular cells by TAMs can also contribute to endothelial mesenchymal transition (endoMT), a process in which endothelial cells lose their specific vascular phenotype. For example, CCL18 secretion by (M2) type TAMs in breast cancer has been reported to bind to PITPNM3, a membrane-associated phosphatidylinositol transfer domain-containing protein located on endothelial cells. This interaction triggers downstream extracellular signal-regulated kinase and Akt/glycogen synthase kinase 3β/Snail signaling and promotes the endoMT process, thereby increasing the migration ability of endothelial cells 51 (Fig. 2H) .
Taken together, these data suggest that TAMs participate in all stages of angiogenesis, from vasculogenesis and early sprouting to late neovessel stabilization, under the (paracrine) influence of tumor cells. Since TAMs play such a critical role in the entire angiogenic process in tumors, their role in the resistance to anti-angiogenic drugs deserves to be scrutinized. 66 
TAMs and Anti-Angiogenic Therapy
Because neo-angiogenesis is an important component of tumorigenesis, it was expected that anti-angiogenic agents would be effective in the treatment of solid tumors. Unfortunately, the results of trials in which antiangiogenic therapies were tested have been disappointing so far. The agents were designed to interfere with target molecules from common angiogenic pathways. The lack of success of these agents may be partly due to overlooking the critical role of TAMs in tumor angiogenesis. 67 The main effect of anti-angiogenic therapy is reduction of the vascular bed, causing hypoxia and raised lactate levels. Subsequent elevation in intracellular HIF-1α levels leads to higher levels of pro-angiogenic factors secreted by the tumor cells that result in the paracrine activation of TAMs. 68, 69 In experimental mammary tumors, the administration of combretastatin A4 phosphate caused narrowing of the tumor blood vessel diameters and tumor necrosis, but increased levels of C-X-C chemokine ligand 12 (CXCL12), leading to raised numbers of C-X-C chemokine receptor 4-positive (CXCR4+) Tie-2+ monocytes in the tumors, limiting treatment efficiency. 70 Over the last decennia, anti-angiogenic drugs targeting the receptor-ligand interactions by monoclonal antibodies like bevacizumab or tyrosine kinase inhibitors were widely applied in clinical practice. Both act as tumor suppressors by promoting TAMs with an antitumor phenotype [71] [72] [73] [74] [75] or by decreasing monocyte recruitment. [76] [77] [78] [79] [80] This beneficial effect is partially compromised by activation of HIF-1α pathways that lead to an angiogenic counterresponse. 81 In pancreatic adenocarcinoma and murine breast cancers, activation of the Akt/phosphatidylinositol-3 kinase pathway by prolonged exposure to sorafenib triggers TAMs to adapt a tumor supportive and pro-angiogenic phenotype. 82 Similar effects are observed in glial tumors-bevacizumab and aflibercept reduce the effects of VEGFA and increase CD206+ and Tie-2+ macrophages in human and murine gliomas by raising levels of endothelial cell-derived angiopoietin-2 (Ang2). The inhibition of Ang2 action together with the administration of bevacizumab or aflibercept results in significant improvement of therapeutic efficiency. 83 Recent studies showed that treatment with the Ang2/VEGF bispecific antibody shifted TAMs into an antitumor phenotype, consequently resulting in vascular normalization and tumor regression in a mouse glioblastoma model. 84, 85 Following treatment with bevacizumab and cetuximab, the numbers of TAMs in glioblastoma and colorectal cancer increased and the cells became activated, respectively. 81, 86 In biopsies of recurrent gliomas treated with bevacizumab, more Tie-2 expressing monocytes and macrophages were detected. Furthermore, in an orthotopic glioma mouse model, an increase in Tie-2+ TAMs in response to anti-VEGF agents was observed. 87 Recently, reduced MIF expression was observed in bevacizumab-resistant glioma cells, which in turn increased M2-like TAM recruitment, promoting tumor progression. 88 In experimentally induced primitive neuroectodermal tumors, similar observations were made following drug-induced VEGFR2 blockade. 89 Contrasting with these data are the reported effects of the pan-VEGFR inhibitor cediranib that transiently decreases the intratumoral infiltration of macrophages. However, cediranib also increases the VEGFA levels in serum and the number of CXCR4 and CD45 positive circulatory cells in peripheral blood, boosting angiogenesis in murine models of pancreatic neuroendocrine and mammary tumors. 82 Cediranib induces JAK-STAT signaling in macrophages, leading to the activation of STAT3 that triggers angiogenesis by VEGFA production. In a murine xenograft glioma model, adverse effects of STAT3 activation in TAMs were counteracted by using the JAK-STAT-specific inhibitor AZD1480. 90 Likewise, in a metastatic renal cell carcinoma model, the anti-angiogenic effects of sunitinib were enhanced by simultaneous treatment with STAT3 
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inhibitors. 75 Tyrosine kinase inhibitors have more effects on immune cells. Erlotinib reportedly induces apoptosis of monocytic cell lines in vitro. 77 The monoclonal antibodies cetuximab and StemRegenin 1 (SR1) enhance the phagocytic capability of macrophages, contributing to elimination of circulatory tumor cells. 73, 74 Sunitinib and imatinib change the cytokine secretion profiles of macrophages from pro-inflammatory to anti-inflammatory (IL-12 vs IL-10), 72 and following the treatment with sorafenib, increased numbers of TAMs and levels of angiogenic factors including CXCL12 and IL-6 were detected. 82 Recruitment of M2-like TAMs or in situ differentiation toward a tumor supportive TAM phenotype was reported after cediranib and axitinib treatment in glioma patients. 91, 92 A summary of TAM-mediated effects of different tyrosine kinase inhibitors in various therapeutic regimes is provided in Table 1 and Table 2 .
Current Perspectives on Targeting Pro-Angiogenic TAMs
Inhibition of Tumor-Related Hematopoiesis and Blocking of Activating Signals for TAMs
Because the majority of TAMs are recruited from bone marrow-derived peripheral monocytes, the inhibition of tumor-related granulo-monocytopoiesis and interference with the monocyte recruitment signals will contribute to tumor suppression and inhibit tumor vascularization. 93 Inhibition of CSF-1R to deplete the TAM population increases survival time and decreases tumor microvascular density in animal cancer models. 94, 95 Patients with tenosynovial giant cell tumors and glioblastomas treated Abbreviations: EGFR, epidermal growth factor receptor; GITR, glucocorticoid-induced tumor necrosis factor (TNF) receptor; NK, natural killer; PI3K, phosphatidylinositol-3 kinase. Table 1 Continued with PLX3397 (CSF-1R blocker) showed a good tolerance to the drug, but only the patients with tenosynovial giant cell tumors showed a significant reduction in tumor size. 96 In recurrent glioblastoma, only a trend toward a decrease in the number of Iba-1+ microglia/macrophages and a lower number of CD14 dim , CD16+ monocytes in the glioma tissues were observed. 97 
Inhibition of Recruitment Signals that Guide Circulatory Monocytes into Tumor Tissue
TAMs predominantly originate from recruited peripheral inflammatory monocytes. CCL2-CCR2 chemoattractive signaling is the most studied mechanism in monocyte recruitment. The effectiveness of a CCR2 antagonist in decreasing macrophage infiltration and reducing tumor size was demonstrated in hepatocellular carcinoma, 98 and AMD3100, an inhibitor of CXCR4, blocks the infiltration of Tie-2+ monocytes. 99 By responding to VEGFA gradients via cell surface expression of Flt-1, infiltrating monocytes are guided into cancer tissues. The agent intravitreal ranibizumab blocks the phosphorylation of VEGFR1 and decreases migration capacity of TAMs in experimental colonic cancer, resulting in reduced numbers of TAMs and reduction in tumor angiogenesis. 100 Targeting Macrophage Mediated/Secreted Angiogenic Molecules
Current studies in cancer therapy focus on the development of inhibitors and monoclonal antibodies against central regulatory molecules. Some of these interfere with TAM-mediated tumor angiogenesis and were tested in clinical trials. Monoclonal antibody-based therapy that targets VEGFC has proven to inhibit vascularization and reduce carcinogenesis of skin squamous carcinoma. 101 Blocking of VEGFC using the monoclonal antibody VGX-100 also inhibited infiltration of CD11b+ myeloid cells. 102 Monoclonal antibodies targeting Sema 4D showed promising results in inhibiting cancer growth and reduced tumor angiogenesis. 103 WNT7b activates the VEGFA-mediated angiogenic switch through stimulation of the WNT/β-catenin canonical pathway. In contrast, WNT5a, a Wnt ligand that mainly triggers noncanonical pathways, suppresses vessel sprouting by upregulation of soluble VEGFR1. 104 The canonical and noncanonical Wnt signaling pathways may well mediate opposite angiogenic responses. Both inhibition of the Wnt canonical pathway by inhibitors and agonist stimulation of the noncanonical Wnt pathways may become future strategies for anti-angiogenesis. The presence of certain TAM subtypes, as well as circulatory TAM-secreted serum markers, could also be used as parameters to select receptive patients for anti-angiogenic therapy and predict Abbreviations: EGFR, epidermal growth factor receptor; GIST, gastrointestinal stromal tumor; HER2, human epidermal growth factor receptor 2.
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therapeutic efficiency. For example, in a single-arm phase II clinical trial, glioblastoma patients who received the VEGF trapper aflibercept showed elevated serum levels of placenta growth factor (PIGF) and matrix metalloproteinase 9, indicative of a poor prognosis. Patients with lower serum levels of PIGF and VEGFR1+ monocytes and elevated levels of MIF, monocyte chemoattractant protein 3, and CCL27 benefited from anti-VEGF treatment. 105 
Conclusion
Investigations of the recently identified roles of TAMs in angiogenesis may well lead to the development of biomarkers for assessing the anti-angiogenic therapy efficacy and receptiveness, and could help to identify therapeutic targets for novel anti-angiogenic treatments. Conflict of interest statement. None.
